Fermentation patterns of Escherichia coli with and without the phosphoenolpyruvate carboxylase (PPC) and pyruvate carboxylase (PYC) enzymes were compared under anaerobic conditions with glucose as a carbon source. Time profiles of glucose and fermentation product concentrations were determined and used to calculate metabolic fluxes through central carbon pathways during exponential cell growth. The presence of the Rhizobium etli pyc gene in E. coli (JCL1242/pTrc99A-pyc) restored the succinate producing ability of E. coli ppc null mutants (JCL1242), with PYC competing favorably with both pyruvate formate lyase and lactate dehydrogenase. Succinate formation was slightly greater by JCL1242/pTrc99A-pyc than by cells which overproduced PPC (JCL1242/pPC201, ppc ؉ ), even though PPC activity in cell extracts of JCL1242/pPC201 (ppc ؉ ) was 40-fold greater than PYC activity in extracts of JCL1242/pTrc99a-pyc. Flux calculations indicate that during anaerobic metabolism the pyc ؉ strain had a 34% greater specific glucose consumption rate, a 37% greater specific rate of ATP formation, and a 6% greater specific growth rate compared to the ppc ؉ strain. In light of the important position of pyruvate at the juncture of NADH-generating pathways and NADH-dissimilating branches, the results show that when PPC or PYC is expressed, the metabolic network adapts by altering the flux to lactate and the molar ratio of ethanol to acetate formation.
In mixed-acid fermentation of glucose, succinate is formed via the reductive arm of the tricarboxylic acid cycle, a pathway which includes the fixation of 1 mol of carbon dioxide per mol of succinate generated. The key reaction in this sequence is the carboxylation of three-carbon intermediates such as phosphoenolpyruvate (PEP) to four-carbon oxaloacetate. The principal PEP-carboxylating enzyme found in Escherichia coli is PEP carboxylase (PPC). In E. coli PEP may also be converted to pyruvate, which during anaerobic growth leads to the formation of lactate, formate, acetate, and ethanol. In other prokaryotes and many eukaryotes during glucose metabolism, oxaloacetate is synthesized by carboxylation of pyruvate by pyruvate carboxylase (PYC) (3, 24, 25) , an enzyme that is absent in E. coli. PEP is also required for glucose consumption via the PEP-phosphotransferase system (PEP-PTS) and for the synthesis of aromatic amino acids (7, 14) . Because of its central position in glucose metabolism, PEP partitioning is highly regulated by cellular mechanisms.
In order to affect the metabolic rigidity of the biochemical network at the PEP branch point, several metabolic engineering approaches have been proposed. As one would expect, increased succinate production has been shown to result from overexpression of PPC from E. coli (20) or overexpression of PYC via the Rhizobium etli pyc gene (13) . Similarly, the expression of malic enzyme in E. coli strains lacking the enzymes pyruvate formate lyase (PFL) and lactate dehydrogenase (LDH) yielded succinate as the major fermentation product (28) . Each of these genetic perturbations directly affects the central metabolic network and therefore impacts the carbon flow through the metabolic branches. Prior metabolic engineering efforts to affect succinate production have not included detailed flux analysis. Such changes in metabolic fluxes could be determined using flux analysis methodologies (8, 26, 33, 34) . Flux analysis of a metabolic system typically involves calculation of the intracellular fluxes based on measured excretion fluxes and the stoichiometry of the reactions involved in the metabolic network. Previous studies have applied this technique to a wide variety of fermentations (1, 8, 12, 22, 26, 33, 34, 36) .
In order to improve our understanding of anaerobic succinate production in E. coli, we analyzed carbon flux distributions in response to genetic perturbations affecting the activities of PPC and PYC. In this study, we investigated the metabolic shifts in E. coli resulting from a null mutation in the ppc gene, overexpression of PPC and overexpression of PYC.
MATERIALS AND METHODS

Strains and plasmids. E. coli strains VJS676 [F
Ϫ Ϫ ⌬(argF-lac)U169] (provided by V. J. Stewart, Cornell University) and JCL1242 [F Ϫ Ϫ ⌬(argF-lac)U169 ppc:Km] (6) were used in this study. Strain JCL1242 is a derivative of VJS676 and has a null mutation in the ppc gene. The plasmids used in this study are shown in Table 1 . The native E. coli ppc gene was expressed using the pPC201 plasmid, in which the expression of ppc is under the control of the artificial tac promoter (6) . The pyc gene from R. etli (9) was expressed using the pTrc99A-pyc plasmid, in which the expression of pyc is controlled by the artificial trc promoter. Since both the pPC201 and pTrc99A-pyc plasmids contained the lac operator, expression of the ppc and pyc genes was induced by the addition of isopropyl-␤-Dthiogalactopyranoside (IPTG). Plasmids pJF118EH (11) and pTrc99A (2), the parental vectors of pPC201 and pTrc99A-pyc, were used as controls.
Medium and fermentation conditions. Fermentations (2.0 liters in volume) were carried out in 2. O, 0.02. Inocula for each fermentation were started from a single colony grown on a Luria-Bertaniglucose plate. A 3-ml aerobic culture grown 6 to 8 h was transferred into 50 ml of fresh medium prepared anaerobically under an atmosphere of carbon dioxide. This culture was grown 12 h in sealed serum bottles at 37°C, and 20 ml was used to inoculate a fermentor. Each fermentor operated at 150 rpm, 0% oxygen saturation (as determined with a Polarographic oxygen sensor [Mettler-Toledo Process Analytical, Inc., Wilmington, Mass.]), 37°C, and a constant pH of 7.0, which was maintained by the automatic addition of 2 M Na 2 CO 3 . Anaerobic conditions were maintained by flushing the fermentor headspace with oxygenfree carbon dioxide. To maintain initial selective pressure for strains carrying plasmids, media were supplemented initially with 100 g of ampicillin per ml. The induction of the ppc or the pyc gene in the E. coli strains was achieved by adding 1 mM IPTG. The fermentation of each strain was performed in duplicate, and statistical significance was determined by using Student's t test.
Analytical methods. During the course of a fermentation, samples were anaerobically withdrawn at regular intervals for measurement of glucose, products, and biomass concentrations. Cell growth was monitored by measuring the optical density (with a DU-650 spectrophotometer [Beckman Instruments, San Jose, Calif.]) at 600 nm, and this measurement was used to correlate with the dry cell concentration by using the following equation: dry cell concentration (in grams per liter) ϭ 0.48 ϫ optical density. A portion of each sample was centrifuged (8,000 ϫ g for 15 min at 4°C), and the supernatant was stored at Ϫ20°C for subsequent chromatographic analyses.
Glucose and fermentation products were analyzed by high-pressure liquid chromatography as previously described (10) , with a Coregel 64-H ion-exclusion column (Interactive Chromatography, San Jose, Calif.). Glucose, succinate, lactate, acetate, formate, and ethanol were simultaneously detected with a differential refractive index detector (model 410; Waters, Milford, Mass.).
Enzyme assays. Cell-free extracts of E. coli strains were prepared by first withdrawing 50 ml of mid-log-phase culture from the fermentor and then harvesting the cells by centrifugation (8,000 ϫ g for 15 min at 4°C). Cells were washed with 10 ml of 100 mM Tris-HCl buffer (pH 8.0) and then resuspended in 2 ml of the same buffer. Cell disruption was achieved by sonication (with a Sonifier II apparatus [Branson Ultrasonics, Danbury, Conn.]), and cell debris were removed by centrifugation at 4°C (20,000 ϫ g for 20 min). The supernatant was stored on ice until further use. The total protein concentration of the cell extract was determined using bovine serum albumin as the standard (18) .
The activities of PYC, PPC, and LDH were spectrophotometrically measured at 37°C. PYC activity was measured by the method of Payne and Morris (24) , in which the oxaloacetate produced by PYC is converted to citrate by adding citrate synthase in the presence of acetyl coenzyme A (acetyl-CoA) and 5,5Ј-dithiobis(2-nitrobenzoate). The rate of increase in absorbance at 412 nm due to the presence of CoA-dependent formation of the thionitrobenzoate was monitored, first after the addition of pyruvate and then after the addition of ATP. The difference between these two rates was taken as the ATP-dependent PYC activity. To determine the saturation constant of PYC, we performed initial rate studies using the same assay but varied the pyruvate concentration (0.0 to 6.0 mM) while maintaining other substrates in excess (5.0 mM ATP, 50 mM HCO 3 Ϫ , and 5.0 mM Mg 2ϩ ). The value for the pyruvate saturation constant (K m ) was determined from a Lineweaver-Burk plot. PPC activity was assayed by monitoring the decrease in absorbance of NADH at 340 nm using malate dehydrogenase as a coupling enzyme (31) . LDH activity was also measured by monitoring the disappearance of NADH at 340 nm (5) .
Intracellular flux determination. The methodology followed in this study to calculate intracellular fluxes has been detailed elsewhere (8, 23, 34) . Molar balance equations were formulated from the biochemical pathways of E. coli shown in Fig. 1 . The PEP carboxylation flux (J 5 ) was fixed to zero for the strains which lacked PPC, while the pyruvate carboxylation flux (J PYC ) was fixed to zero for the strains which lacked PYC. The resulting networks for the E. coli strains (details are given in the Appendix) were usually composed of nine fluxes, except for JCL1242, for which J 11 and J PYC were both equal to zero and the number of fluxes was eight. Also, for each of the strains, balance equations were written for each of the five biochemical intermediates or nodes. For example, for the acetylCoA node, the balance equation was as follows: rate of accumulation of acetylCoA ϭ J 7 Ϫ J 8 Ϫ J 9 . Application of the pseudo-steady-state assumption permitted all of the accumulation terms to be assigned a value of zero, yielding five linear equations with nine fluxes (eight for JCL1242). Those six fluxes (five for JCL1242) which involved glucose or the measured products (J 1 , J 5 or J PYC , J 6 , J 7 , J 8 , and J 9 ) were directly calculated from experimental results. These fluxes were calculated by dividing the net change in the concentration of the metabolite during the exponential growth phase (about 4 to 7 h) by the duration of that phase, providing units of millimoles per liter ⅐ hour. For the calculation of specific rates, such as the specific glucose consumption rate, these volumetric rates were divided by the average biomass concentration during the same time interval. For the calculation of flux values, these volumetric rates were normalized by the specific glucose consumption rate (so that J 1 ϭ 100). Each system of five equations ultimately contained three unknown fluxes (J 2 , J 3 , and J 4 ), which caused each to be mathematically overdetermined. The least-squares estimates for both the measured and unknown fluxes were calculated using the method of Tsai and Lee (32) .
RESULTS
Fermentations of strains with and without two carboxylating enzymes. Anaerobic fermentations were performed under controlled conditions in order to assess the metabolic consequences of a null mutation in the ppc gene and/or of the expression of ppc or pyc on overall growth, glucose consumption, and formation of products. Representative fermentation time profiles for the E. coli strains VJS676 (which contains native ppc), JCL1242 (ppc null mutant), JCL1242/pPC201 (ppc ϩ ), and JCL1242/pTrc99A-pyc are shown in Fig. 2 to 5, respectively. (Similar fermentation results with JCL1242 carrying the control plasmids pJF118EH or pTrc99A are not shown.) Several significant results can readily be noted from these fermentations. Compared with the strain having a single chromosomal copy of ppc (VJS676), the fermentation with the strain having a null mutation in the ppc gene (JCL1242) resulted in a significant decrease in the final succinate concentration (1.0 g/liter versus 0.2 g/liter; P Ͻ 0.001). The small quantity of succinate detected with the three ppc mutant strains may be a consequence of the presence of aspartate and glutamate in the rich medium. The observed decrease in succinate formation in the ppc mutant strains was accompanied by an increase in lactate production (P Ͻ 0.10). As shown in significant decrease in lactate production compared to that in the ppc mutant JCL1242 (P Ͻ 0.05). The average product yields for the four principal strains (Table 2) indicate the overall stoichiometric differences in the carbon metabolism of these strains. Significant differences in succinate and lactate yields occur among these strains. In the wild-type strain VJS676, the succinate yield was 0.10 g/g of glucose consumed. The absence of PPC significantly decreased the succinate yield (P Ͻ 0.001). Succinate formation was restored in JCL1242 by the expression of either PPC or PYC. Indeed, the fermentations using JCL1242/pPC201 (ppc ϩ ) resulted in a succinate yield which surpassed by 44% that of fermentations using VJS676. The pyc gene from R. etli was similarly able to compensate for the lack of PPC activity. Fermentations using JCL1242/pTrc99A-pyc resulted in a 66% increase in succinate yield compared to fermentations using VJS676. The strain JCL1242 with the pyc gene showed a succinate yield 19% greater than that of the same strain with multiple copies of the ppc gene (P Ͻ 0.01). Lactate was also sensitive to the absence of PPC activity, with the lactate yield being significantly higher in JCL1242 than in any of the strains with PPC or PYC activity (P Ͻ 0.001). Carbon recovery based on glucose consumed was calculated from final molar product concentrations, including the carbon dioxide fixation and evolution steps but excluding biomass synthesis. That the carbon recovery was close to 100% for each of the fermentations suggests that biomass was largely derived from the precursor metabolites, such as amino acids, fatty acids, and amino sugars available in the rich fermentation medium.
From cell extracts of each of the six strains, the activities of PPC, PYC, and LDH were determined (Table 3 ). These measurements indicate that the expression of PPC in JCL1242/ pPC201 (ppc ϩ ) resulted in about a 25-fold increase in PPC activity over that in strain VJS676. As expected, no endogenous PYC activity was observed in E. coli. Also, the cell extracts from strains in which both PPC and PYC were absent exhibited the greatest LDH activity.
Flux analysis. Metabolic flux analysis is now routinely used to gain insight into metabolic changes caused by genetic perturbations or changes in physiological states. The carbon recovery from fermentations of the strains used in this study (Table 2 ) demonstrated that glucose was not used in biomass synthesis. Therefore, carbon flux from glucose to biomass was excluded from the analysis, and the role of the pentose pathway was assumed to be negligible (14) . Also, succinate formation via the glyoxylate bypass was neglected, since in the presence of glucose and under anaerobic conditions the transcription of glyoxylate bypass genes is repressed (16, 19) . Since the observed carbon recoveries were about 100%, decomposition of formate to hydrogen and carbon dioxide was also neglected. The biochemical network used for the flux analysis is shown in Fig. 1 .
The results of the flux analysis are summarized in Table 4 , showing fluxes during the exponential growth phase normalized with respect to glucose flux (i.e., J 1 ϭ 100). The genetic perturbations that were studied occurred below PEP in the pathway, and therefore the normalized fluxes before PEP (J 1 through J 3 ) were very similar in each of the strains. The flux from PEP toward pyruvate via pyruvate kinase (J 4 ) was affected by the presence or absence of PPC activity, with greater fluxes naturally observed in strains without PPC activity (JCL1242 and JCL1242/pTrc99A-pyc). In JCL1242, this relatively high flux to pyruvate was accompanied by an increased flux to lactate (J 6 ). In JCL1242/pTrc99A-pyc, the increased carbon flowing to pyruvate was diverted about equally between oxaloacetate (J PYC ) and lactate.
Comparison of specific growth rates and glucose consumption rates. The flux analysis was performed during exponential growth (approximately 4 to 7 h for these fermentations). We calculated specific growth rates and specific glucose consumption rates for each of the four strains during that same time interval (Table 5 ), but these calculations do not rely on the flux model. Both of these rates were affected by the genetic perturbations studied. Fermentations with VJS676 yielded the greatest specific growth rates and specific glucose consumption rates. Compared to JCL1242, the growth rate of JCL1242/ pPC201 (ppc ϩ ) was unchanged. However, the growth rate of JCL1242/pTrc99A-pyc was 6% greater than the growth rate of JCL1242/pPC201 (ppc ϩ ) (P Ͻ 0.0025). Compared to JCL1242, the strain with PPC activity (JCL1242/pPC201) showed a decreased specific glucose consumption rate (P Ͻ 0.01). In contrast, overexpression of PYC increased the specific glucose consumption rate to 15.7 mmol/g of cells ⅐ h, which is significantly greater than the values observed in either JCL1242 or JCL1242/pPC201 (ppc ϩ ) (P Ͻ 0.025). Redox balance. Flux analysis permits the estimation of several key fermentation parameters during the exponential growth phase. The selected flux network and model should result in a redox balance. The redox balance (R/O) can be calculated by dividing the flux which generates NADH by the sum of all the fluxes which generate NAD (and FAD). For the current flux model, the redox balance is calculated as follows: R/O ϭ J 3 /(J 6 ϩ 2J 5 ϩ 2J PYC ϩ 2J 9 ). Because the redox balance is a ratio, the value of R/O may be calculated by the normalized fluxes shown in Table 4 . The results of these calculations (Table 5) indicate that the redox balance is close to 1 on the basis of the flux model for fermentations of the four principal strains. a Flux estimates were normalized with respect to the specific glucose consumption rate (J 1 ϭ 100).
Rate of ATP formation and ATP yield. During anaerobic glucose metabolism, ATP is consumed by some reactions and generated by others. Since the flux model includes these reactions, it may be used to calculate the specific rates of ATP formation due to glucose metabolism (q ATP ) using non-normalized fluxes. That is, the fluxes as scaled to J 1 ϭ 100 must be multiplied by the factor q S /100 to result in units of millimoles of ATP formed per gram of cells ⅐ hour. So, the values of q ATP may be calculated for each strain by the following equation:
). This equation includes 1 mol of ATP generated by electron transport phosphorylation during the reduction of 1 mol of fumarate to succinate. Therefore, the flux from pyruvate to succinate via PYC has no net generation or consumption of ATP, while the flux from PEP to succinate via PPC has a net generation of 1 mol of ATP per mol of succinate formed. Another important measurement of ATP is the ATP yield, which is the number of moles of ATP formed during exponential growth by glucose metabolism per mole of glucose consumed. The value of ATP yield may be calculated by dividing q ATP by q S .
We calculated the specific formation of ATP and the ATP yield for each of the four strains during the same time interval as the flux analysis ( Table 5 ). The parent strain VJS676, which had the least genetic perturbation, had the greatest rate of ATP formation (48.9 mmol/g of cells ⅐ h). Compared to JCL1242, the strain with PPC activity (JCL1242/pPC201) showed a 15% decreased rate of ATP formation, from 32.6 to 27.7 mmol/g of cells ⅐ h (P Ͻ 0.05). In contrast, overexpression of PYC increased the rate of ATP formation to 37.9 mmol/g of cells ⅐ h, which is significantly greater than the values observed in either JCL1242 or JCL1242/pPC201 (ppc ϩ ) (P Ͻ 0.025). Although the yield of ATP was lowest in the wild-type strain VJS676, the ATP yields in the three other strains were identical.
Flux partitioning. The effects of these genetic perturbations may be further elucidated by studying flux partitioning at key metabolic branch points, or nodes. By comparing the fractional output of carbon at each node, flux partitioning is a means to compare the steady-state competition of multiple enzymes for a single substrate in response to genetic perturbations. We calculated the flux partitioning at the PEP, pyruvate, and acetyl-CoA nodes for the four principal strains (Table 6) .
At the PEP node, flux toward pyruvate is the dominant branch for all strains (by the combined effects of pyruvate kinase and the PTS). Compared to VJS676 (which has a chromosomal copy of ppc), overexpression of PPC in JCL1242/ pPC201 (ppc ϩ ) resulted in a relatively minor difference in the fraction of carbon flowing toward oxaloacetate (from 7.1 to 9.8%).
At the pyruvate node, PFL was the dominant branch in all strains, with 77 to 98% of carbon flowing toward formate. The presence of PPC activity greatly affected flux to lactate. In JCL1242, which has no PPC activity, the fraction of the flux going to lactate was 18%, whereas in the strain with a chromosomal copy of ppc this fraction was only 9.7%. Overexpression of PPC in JCL1242/pPC201 (ppc ϩ ) resulted in only 1.7% of the pyruvate carbon flowing towards lactate. Thus, in the three strains in which PYC activity was absent, flux partitioning to lactate was inversely correlated to PPC activity. In the presence of PYC activity in JCL1242/pTrc99A-pyc, 11% of the carbon flowing into the pyruvate node was diverted to lactate, a result indistinguishable from the fraction observed with VJS676. Compared to the result with VJS676, the presence of PYC activity had the effect of decreasing the flux partition to formate by 13% without affecting the flux partition to lactate. Compared to the result with JCL1242, the addition of the pyc gene in JCL1242/pTrc99A-pyc had the effect of reducing each of the two other competing fluxes, J 6 and J 7 .
Genetic perturbations with ppc or pyc also affected the partitioning of carbon at the acetyl-CoA node. Compared to the result with JCL1242, the presence of PYC activity in JCL1242/ pTrc99A-pyc served to increase the fraction of carbon at this node that was diverted to acetate (P Ͻ 0.10).
DISCUSSION
In this study we have examined the metabolic alterations in a model organism, E. coli, as a result of the presence or absence of carboxylating enzymes PPC or PYC. The synthesis of oxaloacetate is a key step in the formation of four-carbon compounds, such as malate, fumarate, and succinate. Possible routes used by various organisms for the synthesis of oxaloacetate include carboxylation of PEP by PPC, PEP carboxykinase, or PEP carboxytransphosphorylase; glyoxylate shunt enzymes; and the ATP-dependent carboxylation of pyruvate by PYC. Of these enzymes, PPC and PYC are most commonly employed for synthesis of oxaloacetate during glucose metab- olism. Even though E. coli synthesizes PEP carboxykinase, an enzyme employed by several anaerobes in the formation of oxaloacetate (27, 35) , this enzyme was unable to complement the absence of PPC in E. coli. Similar to results reported previously (20) , our results demonstrate that E. coli relies principally on PPC for anaerobic diversion of carbon toward succinate production. Previously, PYC has been reported to compensate for the absence of PPC in aerobic systems, such as in lysine production (23) . We report here the ability of PYC to restore the (anaerobic) succinate-producing ability of E. coli ppc null mutants. This restoration of succinate production by PYC in ppc null mutants moreover comes with an increase in glucose consumption rate compared to strains with elevated PPC activity. E. coli adapts to alterations in the activities of PYC and PPC principally through the production of lactate. For sustained anaerobic fermentation, an organism must regenerate the reducing equivalent (NAD) consumed during glycolysis. E. coli accomplishes this task by the formation of ethanol, lactate, or succinate and could conceivably alter the formation of these products to maintain reducing equivalents. In the absence of the carboxylating enzyme PPC in JCL1242, the carbon from glucose flows exclusively from PEP to pyruvate. Pyruvate is known to be an allosteric effector of LDH (29, 30) . Our observations of increased flux partitioning to lactate in the absence of PPC support the hypothesis that removing PPC activity increases the pool of intracellular pyruvate available to activate LDH and increase flux toward lactate in these strains. Moreover, increased PPC activity beyond the native activity would tend to reduce pyruvate availability and reduce flux toward lactate, a result we observed in fermentations of JCL1242/pPC201 (ppc ϩ ). Although overexpression of PPC in JCL1242/pPC201 (ppc ϩ ) dramatically decreased lactate partitioning, overexpression of PYC in JCL1242/pTrc99A-pyc caused lactate partitioning to decrease much less compared to that in JCL1242. Since E. coli could accomplish growth by generating only succinate and ethanol or acetate, one might speculate at the role LDH serves. Considering the response of the lactate flux to the genetic perturbations studied, LDH might be a means to afford the cell some metabolic flexibility in adapting readily to redox demands.
Ethanol synthesis also is affected in response to alterations in PPC and PYC activities. Indeed, even though lactate partitioning at the pyruvate node was greatest in JCL1242, this strain, which is deficient in both PPC and PYC activities, also showed the greatest ethanol partitioning at the acetyl-CoA node (Table 6) . Previous studies have shown that NADH plays a role in inducing the gene coding for alcohol dehydrogenase (17) . Since the route of NADH recycling via succinate is absent in JCL1242, perhaps increased NADH levels in this strain also caused slightly greater ethanol synthesis. However, fermentation of the strain with elevated PPC activity also led to slightly elevated (though not significantly different) ethanol flux during exponential growth compared to that in the strain with native PPC activity.
Increased levels of PPC activity in E. coli serve to decrease the specific rate of glucose consumption and the specific rate of ATP formation. For organisms which use the PEP-PTS, such as E. coli, 1 mol of PEP is required for each mole of glucose transported into the cell, thus limiting the quantity of PEP which might be diverted to oxaloacetate by PPC. Also, PPC must compete with ATP-generating pyruvate kinase. These limitations may explain why the succinate production by JCL1242/pPC201 (ppc ϩ ) is lower than that by JCL1242/ pTrc99A-pyc even though the activity of PPC expressed via plasmid pPC201 in cell extracts was about 40 times greater than PYC activity from plasmid pTrc99A-pyc. These limitations also provide an explanation for the relatively small increase in flux partitioning to succinate in JCL1242/pPC201 (ppc ϩ ) compared to that in the wild-type VJS676. Increasing the activity of PPC beyond the native level reduced the specific rate of glucose consumption, perhaps through competition with the PEP-PTS for PEP. With a lowered glucose consumption rate, such cells would likely synthesize ATP more slowly. Our results with JCL1242/pPC201 (ppc ϩ ) demonstrate that a 14% decrease in the specific glucose consumption rate compared to that for JCL1242 was sufficient to reduce the specific rate of ATP formation through glucose metabolism by 15%. In E. coli, overexpression of native ppc appears to be a selfdefeating means of increasing the yield of succinate. The enzyme PPC might more competitively be able to divert carbon to oxaloacetate in fermentations with organisms not having the PEP-PTS, a hypothesis which requires additional studies.
Increased levels of PYC activity in E. coli serve to increase the specific growth rate, the specific rate of glucose consumption, and the specific rate of ATP formation. In contrast to overexpression of ppc, expression of pyc increased the specific glucose consumption rate by 15%. The presence of PYC activity might reduce the pool of pyruvate, a result which would favorably support increased fluxes through the PEP-PTS and pyruvate kinase, which would favorably impact the glucose consumption rate and cells' ability to synthesize ATP. Paralleling the increase in glucose consumption, the specific rate of ATP formation was 16% greater in JCL1242/pTrc99A-pyc than in JCL1242. Consistent with these observations is an increased specific growth rate for JCL1242/pTrc99A-pyc over that for JCL1242.
An important result is that neither pyc nor ppc genetic perturbations affected the yield of ATP. This observation can be interpreted by considering the fluxes below the PEP node which involve ATP generation or consumption. The only fluxes that were significantly influenced by the presence or absence of the two carboxylating enzymes and that are involved in the net generation of ATP are J 4 and J 5 . In the absence of PPC activity (such as with JCL1242), no energy is generated through J 5 . However, this decrease in ATP generation was compensated for in JCL1242 by an increase in J 4 . Conversely, in the presence of elevated PPC activity in JCL1242/pPC201 (ppc ϩ ), the heightened flux J 5 was offset by a decrease in J 4 . In the presence of PYC activity in JCL1242/pTrc99A-pyc, the new flux from pyruvate to succinate (J PYC ) had no net effect on ATP consumption. Even though PYC consumes ATP, production of succinate via PPC is energetically equivalent to the production of succinate via pyruvate kinase (J 4 ) and PYC.
PYC is able to compete with PFL and LDH. At the pyruvate node, the presence of PYC activity introduced a third competitor for the substrate pyruvate. The presence of PYC activity reduced the fraction of carbon flowing through each of the two other paths, indicating that PYC competed well with each enzyme. We measured an enzyme saturation constant (K m ) for PYC of 0.24 mM, which is much lower than reported values of 2.0 mM for PFL (15) and 7.2 mM for LDH (30, 31) . Although these measured (i.e., in vitro) saturation constants suggest PYC should compete even more favorably with PFL and LDH, our results with JCL1242/pTrc99A-pyc suggest different in vivo apparent K m values for these three enzymes. PYC may be limited by the availability of ATP. Also, PYC may be limited by the known allosteric behavior of the PYC. Specifically, the intracellular metabolites aspartate and malate are inhibitors of PYC, while PYC requires acetyl-CoA for its activation (9) . In the fermentations in the present study, the PYC activity could readily be limited in vivo by the presence of aspartate and malate, since the presence of PYC itself would tend to increase the pools of aspartate and malate (from oxaloacetate). One possible means to overcome this drawback would be to express an ␣ 4 ␤ 4 -type PYC, which has been shown not to be affected by aspartate, malate, or acetyl-CoA (21) .
APPENDIX
The flux for the PEP-PTS, J 1 , is defined as follows: glucose ϩ PEP ϭ glucose 6-phosphate ϩ pyruvate.
The fluxes for the Embden-Meyerhof-Parnas pathway are defined as follows: for J 2 , glucose 6-phosphate ϩ ATP ϭ 2 glyceraldehyde 3-phosphate ϩ ADP; for J 3 , glyceraldehyde 3-phosphate ϩ ADP ϩ NAD ϭ NADH ϩ ATP ϩ PEP ϩ H 2 O; and for J 4 , PEP ϩ ADP ϭ ATP ϩ pyruvate.
The fluxes for pyruvate dissimilation are defined as follows: for J 6 , pyruvate ϩ NADH ϭ lactate ϩ NAD, and for J 7 , pyruvate ϩ CoA ϭ acetyl-CoA ϩ formate.
The fluxes for acetyl-CoA dissimilation are defined as follows: for J 8 , acetyl-CoA ϩ ADP ϭ acetate ϩ CoA ϩ ATP, and for J 9 , acetylCoA ϩ 2 NADH ϭ ethanol ϩ 2 NAD ϩ CoA.
The fluxes for carboxylation of PEP and pyruvate are defined as follows: for J 5 , PEP ϩ CO 2 ϩ NADH ϩ FADH ϩ ADP ϭ succinate ϩ NAD ϩ FAD ϩ H 2 O ϩ ATP, and for J PYC , pyruvate ϩ CO 2 ϩ NADH ϩ FADH ϭ succinate ϩ NAD ϩ FAD ϩ H 2 O.
